The zone-folding method is a widely used technique in computing the electronic structure of carbon nanotubes. In this paper, curvature effects of boron and carbon nanotubes of different diameters and chiralities are systematically quantified using the density-functional-based tight-binding method. Here, the curvature effect in a nanotube is defined as the difference between the one-dimensional band structure calculated from the tubular atomic structure and the band structure calculated from the related two-dimensional sheet with the zone-folding method. For each nanotube, we quantify this difference by calculating the standard deviation of the band energies σ E and the maximal relative deviation between the derived ballistic currents δI max . For all considered nanotubes with diameters d > 2 nm, the standard deviation σ E is below 60 meV and decreases only slowly, whereas δI max is still as large as 8% and does not tend to zero for large d.
I. INTRODUCTION
Since their discovery, 1 carbon nanotubes (CNTs) have attracted the interest of many scientists and a wide range of possible applications have been demonstrated. 2, 3 After the prediction of stable boron nanotubes (BNTs), 4, 5 and recent success in their synthesis and characterization, [6] [7] [8] a new direction in single-element nanotube science has emerged. In contrast to CNTs, which can be metallic or semiconducting depending on their atomic structure, BNTs are predicted to be metallic only. The unique electronic, mechanical, and thermal properties of nanotubes arise from their nanoscale dimensions, and are what make these novel materials so attractive.
An ideal single-walled nanotube can be thought of as a model two-dimensional (2D) sheet rolled up along a certain lattice direction into a seamless cylinder with a certain diameter d. Many intrinsic properties of a nanotube (such as the electronic or phononic energy dispersion/band structure) can be extracted from those of the corresponding 2D sheet if the quantum confinement [due to the reduction of the dimensionality from 2D to one-dimensional (1D)] and effects related to the tube's curvature are considered. The quantum confinement can be taken into account with the use of the zone-folding method. 9, 10 The latter is a geometrical selection rule for the 2D electronic (or phononic) states of the 2D sheet that are allowed in the 1D system of the nanotube. The electronic structure of the 2D sheet can be calculated with any suitable method for electronic-structure calculations. Then, the electronic dispersion is calculated along the so-called "cutting" lines in the 2D reciprocal space of the sheet. The obtained 1D bands are folded together to represent the electronic structure of a nanotube. Because of its simplicity and efficiency, the zone-folding method is widely used for the calculation of band structures of carbon nanotubes (see, e.g., Refs. 9-15) and some model boron nanotubes. [16] [17] [18] Single-walled carbon nanotubes, both metallic and semiconducting, have been experimentally shown to exhibit ballistic electron transport. 19, 20 Nowadays, different groups try to utilize this unique property of CNTs to build CNT-based field effect transistors, sensors, and other nanoscaled devices. 21 In order to model and build such devices, measurements and calculations of the current-voltage characteristics of CNTs are extensively performed. One approach is to calculate the ballistic current within the Landauer-Büttiker formalism 22, 23 using the electron transmission function. The latter can be derived from the band structure of the nanotube. Here, the zonefolding scheme can be a very helpful tool as it reduces the computational effort for the calculation of the band structure and allows one to use highly accurate electronic-structure methods for nanotubes of large diameters and different chiralities. This is because the electronic-structure calculation is actually done for the 2D sheet with a small unit cell and not for the tubular unit cell that contains much more atoms.
What is missing in the zone-folding scheme is the effect of curvature which is more pronounced for small-diameter nanotubes and diminishes with increasing diameter. Aside from the pure bending of the 2D model sheets, a small atomic rearrangement with respect to the perfect cylindrical structure also takes place. Both bending and atomic rearrangements change the overlap of atomic orbitals and thus alter the electronic structure. For instance, some of the small-diameter CNTs predicted by the zone-folding method to be metallic are in fact small-gap semiconductors due to the curvature-assisted hybridization of π -type and σ -type orbitals 12, 24, 25 that was also found in an experiment. 26 For a similar reason, some other small-diameter CNTs were shown to be metallic 25 and not semiconducting as predicted with the zone-folding scheme. It is worth noting that the small atomic rearrangement has a minor influence on the electronic structure of CNTs with the smallest diameters and is negligible for larger-diameter CNTs. 24, 27 Thus, the main reason why the zone-folding scheme predicts the electronic structure of nanotubes with limited accuracy is the hybridization of π -type and σ -type orbitals of the curved walls of the nanotubes. This curvature effect has been studied in a number of works with the main focus on the band gaps. Along with numerical studies, 12, 14, 24, 28 analytical expressions for the dependence of the band gap on the nanotube diameter which include the curvature effects have been proposed based on different approaches: the higher-order Taylor expansion of one-electron eigenvalues of the π -orbital tight-binding model, 29 a π -electron massless two-dimensional Dirac Hamiltonian, 30 breaking the bond symmetry, 31 tilting of the carbon p z atomic orbitals, 32 and a semiempirical formula based on numerical results. 25 The influence of curvature effects and atomic rearrangement on the optical transition energies in small-diameter CNTs was studied 33 and a comparison of band structures of some CNTs with the graphene bands has also been presented. 28 However, to our knowledge, no effort has been made so far to systematically quantify the effect of curvature on the electron energy dispersion and transport properties of nanotubes.
In this paper, the effect of curvature on the band structures of nanotubes and their current-voltage characteristics is quantified for two different systems (boron and carbon nanotubes), different nanotube diameters, and rolling directions. For the electronic-structure calculations of the nanotubes as well as the 2D sheets, the self-consistent charge density-functionalbased tight-binding (SCC-DFTB) method 34 is used. This is an approximate quantum chemical method which is on one hand very efficient and allows one to calculate the band structures of nanotubes with large unit cells, and on the other hand is accurate enough for the purposes of this study. We only take into account the effect of geometrical bending but do not consider atomic rearrangements. The influence of curvature on the electronic energy dispersion is defined as the difference between the 1D band structure calculated from the tubular atomic structure (direct method) and the band structure calculated from the related 2D sheet with the zone-folding method. This difference can also be considered as the discrepancy in the representation of the band structure of nanotubes with the zone-folding scheme. For each nanotube, we quantify this discrepancy by calculating the standard deviation of the corresponding band energies σ E in the energy window |E − E F | < 1.75 eV within the whole Brillouin zone and the maximal relative deviation between the derived ballistic currents δI max in the voltage window |V | < 1 eV. The ballistic currents are obtained via the Landauer-Büttiker formalism 22, 23 from the band structures. It is found that even for large-diameter nanotubes, the deviation is not negligible and therefore care must be taken when making quantitative predictions using the zone-folding method. As the focus of this paper is the quantification of relatively small differences in energies and currents, our results are not specific to the DFTB method but are of general importance. This is proven by control calculations based on density functional theory (DFT) calcualtions. They show that the order of magnitude of σ E and its trend with changing tube diameter is the same in both methods.
For CNTs, the structures are well known and they can be geometrically constructed from the primitive unit cell and lattice vectors of graphene. The structure of BNTs, on the other hand, is still under debate. During the last decade, several models of BNTs and stable flat boron sheets with different underlying lattices have been proposed. 4, 17, 18, [35] [36] [37] [38] In the context of this work, nanotubes related to the boron α-sheet (α-BNTs) are considered 37 because it was recently shown that α-BNTs produce the best agreement with the known experimental data. 39 For small-diameter α-BNTs, density functional theory (DFT) predicts the emergence of a small band gap resulting from atomic rearrangements with respect to the perfect cylindrical structure. 18, 38, 40 However, higher-level calculations (second-order Møller-Plesset perturbation theory) or the inclusion of dispersion forces recently showed that this may be an artifact of DFT methods. 41, 42 As we only consider the effect of geometrical bending and do not allow atomic rearrangement to take place, all considered BNTs are metallic.
II. METHODS
The geometries of CNTs and BNTs are illustrated in Fig. 1 . The atomic structures of the nanotubes are obtained by geometrically rolling up their two-dimensional model sheets [see Figs. 1(e) and 1(f)]. The rolling direction and diameter are defined by the two integer numbers n and m which make up the so-called chiral vector C h = na 1 + ma 2 , where a 1 and a 2 are the lattice vectors of the 2D sheet. For graphene, the well-known hexagonal honeycomblike lattice structure with the C-C interatomic distance of 1.42Å is used. As the experimental lattice structure parameters of the flat boron sheet
are not yet available in the literature, the unit cell and lattice vectors of the boron α-sheet were taken from Ref. 39 .
To perform an unbiased comparison, the calculation of the electronic structure of the carbon and boron nanotubes as well as the 2D sheets (graphene and boron α-sheet, respectively) was done with the SCC-DFTB method 34 and the DFTB + code, 43 which is well suited for the calculation of sheets and nanotubes of small and large diameters. 39, 44 The approximations to the standard DFT scheme used in SCC-DFTB approach are briefly summarized in a recent paper, 44 and more detailed presentation of this method can be found in the original paper. 34 For the boron sheet and nanotubes, a newly developed DFTB parametrization for boron was used, 39, 44 and the Slater-Koster files from the well-established mio set were employed for the carbon structures. Self-consistent charge (SCC) calculations for periodic structures were performed with the SCC tolerance set to 10 −5 , and the electron temperature was kept equal to zero. The energy was converged with respect to the number of k points.
In order to demonstrate the reliability of the results obtained with the DFTB method, the electronic band structures of three CNTs and graphene were calculated at the DFT level of theory. These calculations were performed with the VASP program package 45 employing the projector augmented wave method 46 and generalized gradient approximation 47 [the so-called Perdew-Burke-Ernzerhof (PBE) functional]. The atomic positions for these CNTs and graphene were taken exactly the same as in the case of the DFTB calculations.
In order to determine the zone-folded band structure of a nanotube from the 2D sheets, the sheet's band structure E 2D (k) has to be calculated along certain cutting lines in k space. These sheet's bands being folded together compose the band structure of the nanotube. The method for calculating the cutting lines for CNTs is described in detail elsewhere. 9, 10 It is applicable also to α-BNTs without modification since the boron α-sheet, like graphene, has a hexagonal lattice structure (however, with eight atoms in the unit cell). The zone-folded energy dispersion of a (n,m) nanotube E μ (k) is obtained from that of the 2D sheet E 2D (k) as
with μ = 0, . . . ,N − 1 and 0 < k < π/|T|, where K 1 and K 2 are nanotube-specific vectors in the reciprocal space of the 2D sheet, T is the nanotube translation vector parallel to the nanotube axis, and N is the number of cutting lines, which is equal to the number of primitive unit cells in the unit cell of the nanotube. 9,10 Vector K 2 is parallel to T, and vector K 1 is parallel to C h (perpendicular to T). The two vectors are expressed in terms of b 1 and b 2 , the sheet's reciprocal lattice vectors, as
Here, the integer numbers t 1 , t 2 are the components of the translation vector T, which can be calculated from n and m. 9, 10 Accordingly, the starting and the ending points of the μth cutting line can be written in terms of the sheet's reciprocal lattice vectors as
for the (n,n) nanotubes, and
for the (n,0) nanotubes. In order to calculate the ballistic current through the nanotubes, the conductance profile G(E) was calculated first.
For small applied voltages, it can be approximated by the number of electronic bands at the energy E in the corresponding nanotube band structure multiplied by the conductance quantum G 0 and by 2 for spin degeneracy. The current (for zero temperature) is obtained within the Landauer-Büttiker formalism 22, 23 as
where e is the electron charge, E F is the Fermi energy, and E 1 = 0 eV, E 2 = U for U > 0; E 1 = U , E 2 = 0 eV for U < 0, and U is the bias voltage.
III. RESULTS AND DISCUSSION
A. Effect of curvature on the band structure In this study, the influence of curvature on the electronic band structure is defined as the difference between the 1D band structure calculated from the tubular atomic structure (direct method) and the band structure calculated from the related 2D sheet with the zone-folding method. For our systematic study, the band structures of a series of zigzag and armchair carbon and boron nanotubes of diameters ranging from 0.7 to 3.2 nm were calculated using the direct method and the zone-folding method. The considered nanotube types are CNTs (n,n) with n = 5 . . . 22, (n,0) with n = 10 . . . 38 and BNTs (n,n) with n = 3 . . . 10, (n,0) with n = 5 . . . 20.
The zone-folding scheme is known as a very efficient method for the calculation of band structures of nanotubes. For instance, for our largest system, the (20,0) BNT with 320 atoms in the unit cell, this method was roughly 325 times faster than the direct approach (DFTB electronic-structure calculation on four AMD 3.1 GHz processors). Because of its efficiency, the zone-folding scheme can be employed for the band-structure calculation with highly accurate methods, or of chiral nanotubes with large unit cells.
Figures 2(a)-2(f) show the comparison of the band structures calculated for (n,n) armchair and (n,0) zigzag CNTs of selected diameters (approximately 0.7, 1.5, and 3.0 nm for both types, semiconducting zigzag CNTs are chosen) with the two methods. Generally, the shape of the bands is consistent for both methods. For the small-diameter nanotubes some discrepancies exist, such that the two sets of bands do not perfectly coincide: the positions of some bands and crossing points are shifted with respect to one another. The inaccuracy of the zone-folding method, manifested with these deviations, comes from the fact that the effect of the nanotube curvature is omitted in this scheme. For the CNTs of larger diameters, the band structures are reproduced almost exactly, and the bands coincide. The trend of increasing agreement with larger diameters is also evident in the band gaps of the zigzag CNTs. Clearly, the difference becomes negligible for the larger diameters.
The same trend (improving the accuracy of the zone-folding method with increasing the diameter) is obtained for a series of band structures of (n,n) zigzag and (n,0) armchair BNTs (note that due to the different atomic decoration of the BNT unit cells, the armchair and zigzag notation is swapped as compared to CNTs, see also Fig. 1 ). The energy dispersions of selected BNTs are shown in Figs. 3(a)-3(f) . Both armchair and zigzag nanotubes are metallic with multiple crossings at
(Color online) Band structures of (n,n) (left column) and (n,0) (right column) carbon nanotubes obtained by direct calculation (blue solid lines) and with the zone-folding method (red dotted lines). The diameters of the nanotubes increase from the top to the bottom [0.7 nm for (a) and (b), 1.5 nm for (c) and (d), and 3.0 nm for (e) and (f)]. The inaccuracy of the zone-folding method is manifested by the deviations between the two sets of bands. This deviation is more pronounced for the small-diameter nanotubes (a) and (b) and almost vanishes for the large-diameter nanotubes. The nanotube types are (5,5), (11, 11) , (22, 22) in (a), (c), (e) and (10,0), (19, 0) , (38, 0) 
the Fermi level. Again, for smaller tubes, noticeable deviations exist. For the larger tubes, in contrast, good agreement between the two methods can be observed.
In the next step of this study, the deviations of the two sets of band structures are quantified for each considered nanotube by calculating the standard deviation (root-meansquare deviation) σ E of the band energies as
where M is the total number of data points in the sum and the summation is done for energies near the Fermi level E F within the interval |E direct nk − E F | 1.75 eV. The difference in Eq. (7) has to be taken between matching energy band points. For this, the data points of the band structures calculated with the direct and the zone-folding method are matched at each k point in a following way. First, the individual energy band points E nk are merged into bands by using the criterion of continuity of the bands and their second derivative along the -X line. Then, the sets of bands of the two calculations are matched by three different methods: For (n,n) CNTs, the matching is done at the point that lies at 2 3 at the way from to X by selecting the pairs of bands with the smallest energy difference. For (n,0) CNTs, the bands that are within the energy window |E − E F | 1.75 eV are selected at the point and the two sets are matched by finding the bands with the smallest energy difference at the X point (because at X the bands are more spread than at ). Because of their complexity, the bands of BNTs are not matched at a single k point but by simultaneously minimizing the energy difference and the difference in the first derivative (shape) of the bands at all k points along -X. For the minimization, the energy difference was weighted stronger than the shape (80%:20%). The energy window |E − E F | 1.75 eV was chosen as for higher-energy values an unambiguous matching of bands was not possible for some of considered systems. For the matches of band structures shown in Figs. 2 and 3 , see the Supplemental Material. 48 The standard deviation σ E is a measure of the influence of curvature effects on the band structure of the nanotubes. The results are graphically summarized in Fig. 4 . The standard deviation σ E is primarily a function of the nanotube diameter d. Only for d < 1 nm a dependence on the rolling direction (chirality) is found, primarily for CNTs. The weak dependence on the chirality is a result of the relatively high (hexagonal) symmetry of the model sheets. 49 It is very interesting that σ E is smaller for BNTs than for CNTs. Thus, the influence of curvature on the band structure near E F is more pronounced in CNTs than in BNTs. It could be due to the fact that there are only π bands in CNTs, but in BNTs both π and σ bands are present near E F . 37 We suppose that π bands are more influenced by curvature than σ bands and therefore the effect could be stronger in CNTs. However, to understand this result in detail, further analysis is necessary. For diameters (7)] of the zone-folded band structure as compared to bands calculated with the direct method vs nanotube diameters for carbon nanotubes (CNTs) and boron nanotubes (BNTs). σ E depends to the largest extent on the nanotube diameter d and to a minor extent on the chirality, it is smaller for boron nanotubes than for carbon nanotubes and it decreases only slowly with increasing diameter for d > 2 nm. The nanotube types in this plot are CNTs (n,n) with n = 5 . . . 22, (n,0) with n = 10 . . . 38 and BNTs (n,n) with n = 3 . . . 10, (n,0) with n = 5 . . . 20. Lines are guides to the eye. Blue circles denote DFT results for (5,5), (11, 11) , and (22,22) CNTs. d 1 nm, σ E is bigger than 135 meV for all systems and for d 3 nm it decreases to values below 60 meV for CNTs and 35 meV for BNTs. A striking finding is that for d > 2 nm the standard deviation decreases only slowly with increasing diameter and the decrease is particularly slow for CNTs. Thus, the discrepancy in the band-structure calculation with the zone-folding method is still sizable even for largediameter nanotubes. The results presented here enable the user of the zone-folding method to know the magnitude of the neglected curvature effect. However, we want to point out that the σ E measures the discrepancy between the two sets of band structures over the whole 1D Brillouin zone. In order to demonstrate the reliability of the DFTB method and the general validity of our results, the standard deviation σ E was calculated for the band structures of the (5,5), (11, 11) , and (22, 22) CNTs on the DFT level (blue cirlces in Fig. 4) . It is apparent that the DFT and DFTB results have the same order of magnitude and show the same trend: a rapid decay of σ E for small diameters and a very slow decrease for larger diameters. Relatively small differences between DFT and DFTB values of σ E for the same CNTs can be attributed to the differences in the electronic-structure methods. However, these differences do not alter our conclusions.
B. Effect of curvature on the ballistic current
In this section, the influence of curvature effects on the ballistic current is systematically studied for the same set of nanotubes as in the last section. The current-voltage curves I direct (U ) and I folding (U ) are calculated from the band structures obtained via the direct and the zone-folding methods, respectively. As described in the Methods section, the Landauer-Büttiker formalism 22,23 is used. The bias window |U | 1 V is chosen because the approximation to consider G(E)/G 0 as the number of bands at the energy E is valid only for small applied voltages [see Eq. (6)].
In Fig. 5 , the current-voltage (I -U ) curves of 12 different nanotubes are shown which are derived from the band structures presented in Figs. 2 and 3 . For the same system, the I -U curves calculated with the two methods agree qualitatively because the band structures also agree qualitatively. The deviations between the two I -U curves of a system usually increase with the bias voltage (see Supplemental Material 48 ). This is a result of the current being the energy integral of the conductance [see Eq. (6)] and individual differences in the position of energy bands accumulate and thus increase with the bias voltage. This is also the reason why even for large-diameter nanotubes the deviations in the currents are clearly visible in Fig. 5 : although individual differences in the positions of energy bands are smaller than in small-diameter nanotubes, there are more bands involved and thus many small energy deviations eventually accumulate to give a sizable difference in the current. The current deviations are mostly bigger for positive voltages (involving the unoccupied bands) than for negative voltages (involving the occupied bands).
When the bias range is still within the energy band gap of the semiconducting CNTs, the current is zero for both methods [see Fig. 5 2(c) ], the number of available bands (the ballistic conductance) close to the Fermi level is the same for both methods and the I -U curves coincide for this region of energy values. At higher energies (higher bias voltages), other bands contribute to the electron current and the pairs of the I -U curves obtained with the two methods start to deviate. There is no deviation of the two I -U curves for the (5,5) CNT because there are only two bands within the bias window.
In the case of BNTs, the I -U characteristics for the two different rolling directions show similar behavior [cf. Figs. 5(c) and 5(d)]. All BNTs are metallic, but in contrast to metallic CNTs the pairs of I -U curves (solid and the corresponding dashed line) for the same BNT already start to deviate at small bias voltages. This can be understood from the corresponding band structures (see Fig. 3 ). The BNTs already have many relatively flat bands at the energies close to the Fermi level, and the mismatch of the two sets of bands due to the neglected curvature effect in the zone-folding approach leads to the deviation at small voltages. With increasing voltage, more bands are involved, and the deviation of the pairs of the I -U curves grows. Now, the difference of the ballistic currents calculated with the two sets of the band structures is quantified and thus the influence of curvature effects on the transport characteristics is measured. Since in general the deviation of the currents grows with the bias voltage (see Fig. 5 ), one has to define a measure that is independent of the bias voltage. For this purpose, the relative deviation of the current
is calculated at the position of maximal absolute deviation I max = max |I direct − I folding | within the bias window |U | 1 V. The quantity δI max = δI ( I max ) is illustrated in Fig. 6 . δI max allows one to define a current envelope at any point of an I -U curve as
This envelope represents the maximal deviation between I direct (U ) and I folding (U ) within the bias window |U | 1 V. One can also use the concept of the current envelope to estimate the range of I direct values from I folding for each U (since the calculation of I folding is less demanding than the calculation of I direct ). In Figs. 7(a) and 7(b), δI max is plotted versus diameter for the whole set of considered CNTs and BNTs. The (n,0) CNTs represent a particularly dense set of data points, therefore it has been put into the separate plot 7(b). The symmetry of (n,0) CNTs allows one to define three subsets with n = 3j + 1, 3j + 2, 3j + 3 where j is an integer. While the subsets n = 3j + 1 and 3j + 2 represent semiconducting CNTs, n = 3j + 3 contains metallic ones. For small-diameter (d 1 nm) nanotubes, the behavior of δI max is very different for the different types. For the (5,5), (6, 6) , and (7,7) armchair CNTs, δI max = 0 because there are only two bands in the bias window and the conductance profile G(E) is the same for the two methods, and therefore the related I -U curves are identical [see also Fig. 5(a) ]. All other types have finite deviations ranging from 6% for the (12,0) CNT up to 33% for the (3,3) BNT. For increasing diameters δI max exhibits oscillations for all sets of nanotubes. These oscillations are caused by new bands that enter the bias window as the diameter increases (cf. Figs. 2 and 3) . Whenever that happens, the I -U curve has a slight kink. As the energy position of the bands is slightly different in the two calculation methods, the derived I -U characteristics have kinks at different voltages and thus create a mismatch between the two curves, which then gives rise to a jump in δI max . After a spike δI max decreases again because with increasing diameter the mismatch of individual bands is decreasing and thus the numerator in Eq. (8) is reduced (and it decreases faster than the denominator). Aside from the oscillations δI max has a tendency to decrease between d = 1 and 2 nm. Generally, the current increases with increasing diameter as the number of bands for the same bias value U grows with the nanotube diameter. Therefore, δI max decreases in this range [the denominator in Eq. (8) grows]. However, each band obtained with the zone-folding method has a deviation which is accumulated in the numerator in Eq. (8) . These two effects seem to approximately compensate one another for diameters >2 nm since σ E does not drop sufficiently fast with increasing d (see Fig. 4 ). Thus, for nanotubes with diameters >2 nm further decrease in δI max is not discernible for growing diameters. Instead, there seems to be a saturation of the maximal deviation at about 8% for all nanotubes or the decrease beyond the considered diameter range is very slow. Such deviations for big-diameter nanotubes are clearly visible in the I -U characteristics shown in Fig. 5 . Our results indicate that curvature effects have a sizable influence on the ballistic currents even for large-diameter nanotubes. This is in contrast to the intuitive expectation that the curvature effect should decrease rapidly with increasing diameter of the nanotubes.
IV. CONCLUSIONS
In this work, the influence of the wall curvature on the electronic dispersion and the current-voltage characteristics of two different sp 2 systems, namely, boron and carbon nanotubes, were systematically studied, quantified, and compared. The influence of curvature on the electronic structure is the difference between the 1D band structure calculated from the tubular atomic structure of a nanotube (direct method) and the band structure calculated from the electronic structure of the related 2D sheet using the zone-folding scheme. The electronic-structure calculations of the nanotubes as well as the corresponding 2D sheets are done with the DFTB method. For the direct method, only the effect of geometrical bending is considered but not other types of atomic rearrangements. The differences between the two sets of bands are quantified by calculating the standard deviation of the band energies σ E . σ E is primarily a function of the nanotube diameter d, it is smaller for boron nanotubes than for carbon nanotubes, and for d > 2 nm it decreases only slowly with increasing diameter. For diameters d ≈ 1 nm, σ E is of the order of 135 meV and for d > 3 nm, it decreases to values below 60 meV for carbon and 35 meV for boron nanotubes.
From the band structures, the current-voltage characteristics for ballistic charge transport are determined for the direct and the zone-folding methods. The differences between the two current-voltage curves are quantified by calculating the maximal deviation δI max . For diameters d < 1 nm, δI max can be as large as 27% for CNTs and 33% for BNTs. For 1 nm < d < 2 nm, the behavior of δI max for the different nanotubes is quite similar: it decreases and oscillates, but it does not tend to zero for d > 2 nm, where it is still as large as 8%.
The presented quantitative results are generic and can be used to estimate the curvature effect which is neglected within the zone-folding approach. For the band structures and the ballistic current-voltage curves, we find that this effect is notable and decreases slowly with increasing diameter. This means that curvature effects can not always be neglected even in large-diameter nanotubes and care must be taken when making quantitative predictions using the zone-folding approach.
